We investigated axonal plasticity in the bilateral motor cortices in rats after unilateral stroke and bone marrow stromal cell (BMSC) treatment. Rats were subjected to permanent right middle cerebral artery occlusion followed by intravenous administration of phosphate-buffered saline or BMSCs 1 day later. Adhesive-removal test and modified neurologic severity score were performed weekly to monitor limb functional deficit and recovery. Anterograde tracing with biotinylated dextran amine injected into the right motor cortex was used to assess axonal sprouting in the contralateral motor cortex and ipsilateral rostral forelimb area. Animals were killed 28 days after stroke. Progressive functional recovery was significantly enhanced by BMSCs. Compared with normal animals, axonal density in both contralateral motor cortex and ipsilateral rostral forelimb area significantly increased after stroke. Bone marrow stromal cells markedly enhanced such interhemispheric and intracortical connections. However, labeled transcallosal axons in the corpus callosum were not altered with either stroke or treatment. Both interhemispheric and intracortical axonal sprouting were significantly and highly correlated with behavioral outcome after stroke. This study suggests that, after stroke, cortical neurons surviving in the peri-infarct motor cortex undergo axonal sprouting to restore connections between different cerebral areas. Bone marrow stromal cells enhance axonal plasticity, which may underlie neurologic functional improvement.
Introduction
Stroke is one of the leading causes of long-term disability in adult humans. After stroke, physiologic plasticity of the motor cortical output area occurs in bilateral cerebral hemispheres, and is significantly correlated with clinical improvement of disability and clinical scores (Corbetta et al, 2002; Swayne et al, 2008) . Motor mapping studies in animals also show that increase of cortical movement representations contributes to functional recovery after brain injury, including stroke (Ramanathan et al, 2006) . There is compelling evidence that axonal sprouting and rewiring in the adult central nervous system underlie functional plasticity and behavioral recovery after ischemic stroke (Nudo, 2007) .
The corpus callosum is the largest white matter structure in the human brain, interconnecting almost exclusively cortical neurons in the homologous regions of the two cerebral hemispheres (Innocenti et al, 1986) . The transcallosal connection between motor cortices is mainly inhibitory (Ferbert et al, 1992) , which has a critical function in motor control (Duque et al, 2007) . Stroke leading to damage in the motor area in one hemisphere can result in abnormal disinhibition that impedes functional recovery (Murase et al, 2004) . In addition, the corticospinal tract, the major neural pathway for voluntary motor control, originates from both primary motor cortex (M1) and other premotor areas (Nudo and Masterton, 1990) . In rodents, both the caudal forelimb area (CFA) and the rostral forelimb area (RFA) are the origin of the corticospinal tract, associated with forelimb movement . In both primates and rodents, these separate motor subfields are interconnected , and are reorganized physiologically and anatomically after a lesion involving the M1, which may contribute to neurologic recovery after stroke (Dancause, 2006; Liu et al, 2008) . However, axonal plasticity of such long distance inter-and intracortical connections between the primary motor area and other premotor areas during stroke recovery has not been morphologically verified.
Bone marrow stromal cells (BMSCs), a mixed cell population including stem cells and progenitor cells, are currently a strong candidate for cell-based therapy in stroke ). Transplanted BMSCs may facilitate endogenous neurorestorative mechanisms, including neuronal remodeling, such as intracortical axonal rearrangement in the periinfarct parietal cortex (Li et al, 2005) , and increase of axonal density in the ischemic striatum (Shen et al, 2007a) and the denervated side of the cervical spinal gray matter (Liu et al, 2008 (Liu et al, , 2009 , to produce therapeutic benefits after ischemic stroke. This study was carried out to clarify the post-ischemic axonal plasticity of interhemispheric and intracortical connections between different motor areas in a rat middle cerebral artery occlusion (MCAo) model treated with BMSCs, using an anterograde neuronal tracer biotinylated dextran amine (BDA).
Materials and methods
All experimental procedures were approved by the Institutional Animal Care and Use Committee of Henry Ford Hospital.
MCAo Model and BMSC Administration
Adult male Wistar rats (2-month-old, body weight 225 to 250 g) were purchased from Charles River Breeding Company (Wilmington, MA, USA). Permanent focal cerebral ischemia was induced by inserting a 4-0 monofilament nylon suture (18.5 to 19.5 mm, determined by the animal body weight), with its tip rounded by heating near a flame, into the right internal carotid artery to block the origin of the MCAo (Garcia et al, 1993) . Bone marrow stromal cells harvested from donor adult male Wistar rats were provided by Theradigm (Baltimore, MD, USA). Briefly, bone marrow from hind leg long bones (femurs and tibiae) was mechanically dissociated and the cells were washed, and then suspended in culture medium. After 3 days, cells tightly adhered to the flasks were considered as BMSCs. Bone marrow stromal cells from passage 5 (P5) were used in this study, which were characterized by expression of mesenchymal cell-surface markers CD29, CD73, and CD90 ( > 80%), and were free of the hematopoetic cell-surface marker CD34. One day after stroke, animals were randomly selected to receive 3 Â 10 6 BMSCs in 1 mL of phosphatebuffered saline (PBS) or PBS alone injected into a tail vein (n = 8 per group). A third group of naive rats without surgery and treatment was used for normal control (n = 6).
Behavioral Assessment
The functional deficit and recovery were measured with adhesive-removal test and modified neurologic severity score performed 1 day after MCAo and weekly thereafter. All researchers involved in data collection were masked to the treatment group.
Intracortical Neuronal Labeling
To detect the changes of inter-and intracortical connections originating from the ischemic cortex, we injected BDA into the right cortex to label the cortical neurons 7 days before the kill. Briefly, the animals were placed in a stereotaxic device, and a unilateral craniotomy was performed on the skull overlying the right cerebral cortex. BDA solution (100 nL; a 10% solution dissolved in 0.1 mol/L PBS (pH 7.4), molecular weight 10,000 Da; Molecular Probes, Eugene, OR, USA) was injected through a finely drawn glass capillary into the right CFA (stereotaxic coordinates: 0.5 mm rostral to the bregma, 2.5 mm lateral to the midline, 1.5 mm depth from the surface of the cortex) over a 3-mins time period. The micropipette remained in place for 4 mins after the injection was administered.
Tissue Preparation
After 1 week of BDA injection (4 weeks after stroke), animals were anesthetized with ketamine and perfused transcardially with saline, followed by 4% paraformaldehyde. The entire brain was removed and immersed in 4% paraformaldehyde overnight. The brain tissues were processed for adjacent 100-mm-thick coronal sections using a vibratome. Five sections from the RFA (3.0 to 3.5 mm rostral to the bregma) and 10 sections from the CFA (0 to 1.0 mm rostral to the bregma) were used to detect BDA labeling. Briefly, free-floating sections were incubated with 0.5% H 2 O 2 in 50 mmol/L Tris-buffered saline (pH 7.4) for 20 mins, and washed with Tris-buffered saline containing 0.25% Triton X-100 three times for 30 mins each at room temperature. Then the sections were incubated with avidin-biotin-peroxidase complex (Vector Laboratories, Burlingame, CA, USA) in Tris-buffered saline/Triton X-100 at 41C for 3 days, and BDA labeling was visualized with 3,3 0 -diaminobenzidine-nickel (Vector Laboratories) for light microscopy examination.
Data Analysis and Statistics
The behavior outcomes were evaluated by the time needed to successfully remove the adhesive tape from the impaired forepaw and the scores of neurologic severity. Lesion size was measured on a reference brain coronal vibratome section at the bregma level by NIH imaging software (Image J, Bethesda, MD, USA), and presented as a percentage of the lesion area compared with the contralesional hemisphere, as previously reported (Garcia et al, 1993) . Digital images were captured using MCID software (Imaging Research, St Catherine's, ON, Canada), through a digital camera (Sony DXC-970MD, Tokyo, Japan) mounted on a microscope (Olympus BX40, Tokyo, Japan). Image J was used for subsequent quantitative measurements of BDA-positive axonal densities in the right RFA, both sides of CFA, and the middle portion of the corpus callosum, shown as percentage of proportional areas. To avoid interanimal variation in the tracing efficiency by a subtle difference of injection volume, we corrected the axonal densities with a quotient coefficient of average BDA-labeling density in the right CFA on 10 sections for each individual animal divided by the total mean density in all animals.
All data are presented as mean ± s.d. A value of P < 0.05 is taken as significant. A global test using the generalized estimating equation was performed to study the effect of BMSC treatment on functional outcome . One-way analysis of variance was used to evaluate the lesion size and BDA-labeled axonal densities in the right RFA, left CFA, and the corpus callosum among groups. Correlations between functional scores and index of axonal density were tested by Pearson's correlation coefficients.
Results

Neurologic Functional Assessment and Lesion Size
All rats subjected to MCAo exhibited a progressive recovery with time. Bone marrow stromal cell treatment significantly improved the behavioral outcome measured by the adhesive-removal test and modified neurologic severity score (Table 1 , P < 0.05). However, no significant difference was found on the ischemic lesion, including the supraoptic area, the striatum, and the cortex ( Figure 1A) between MCAo control and BMSC treatment groups ( Figure 1B ; 59.3% versus 57.8%, P = 0.48). These data are consistent with previously reported studies (Liu et al, 2008; Lu et al, 2003) .
Cortical Axonal Connections Between Bilateral Hemispheres
To determine whether neurons in the peri-infarct tissue of the ischemic cortex undergo axonal sprouting toward the homologous area in the intact hemisphere, we injected BDA into the right cortex as shown in Figure 1A . After 7 days of injection, the BDA-positive axons were found in the homologous tissue in the contralateral cortex transported through the corpus callosum ( Figure 2A ). As measured by the positive staining areas, a significant increase of axonal density in the contralateral cortex was evident in rats 28 days after MCAo (Figures 2C and 2E) compared with that in normal animals (Figures 2B and 2E, P < 0.001 versus normal). Furthermore, such axonal plasticity was significantly increased by BMSC treatment 1 day after stroke (Figures 2D and 2E, P < 0.001 versus MCAo control).
Axonal Labeling in the Corpus Callosum
To determine whether increased axons in the contralesional left cortex are attributed to axonal regeneration originating from the ischemic cortex, we measured BDA-positive axonal density in the area crossing the midline of the corpus callosum on coronal sections among the normal, MCAo control, and BMSC treatment groups ( Figure 3A) . Axonal density was essentially unaltered by either MCAo or BMSC treatment ( Figure 3B ; 3.6% in normal, 3.8% in MCAo, and 3.8% in treatment group, P = 0.56). This observation ruled out the possibility of new axonal generation along the corpus callosum between cortical hemispheres.
Intracortical Connections Between the CFA and RFA
To determine axonal plasticity on the intracortical connection between CFA and RFA, we further measured axonal changes in the ipsilesional RFA after stroke and BMSC treatment. Our results indicated a significant increase of axonal density in the RFA traced from CFA in animals after ischemic stroke ( Figures 4B and 4D , P < 0.001 versus normal), compared with normal rats ( Figure 4A ). In addition, BMSC treatment further enhanced the axonal plasti- 
Relating Axonal Plasticity to Behavioral Outcome
Correlations were examined between axonal density and functional outcome measured 28 days after stroke in adult rats with or without BMSC treatment. Axonal plasticity in both CFA and RFA was highly and significantly correlated with spontaneous functional recovery and recovery enhanced by BMSCs (r > 0.61, P < 0.05; the complete set of correlation coefficients is given in Table 2 ).
Discussion
This study was focused on determination of the extent and distribution of axonal sprouting between cortical hemispheres and the CFA and RFA in adult rats after stroke with BMSC treatment. We found that both interhemispheric and intracortical axonal connections in the CFA and RFA originating from the peri-infarct motor cortex were significantly increased 4 weeks after stroke. Bone marrow stromal cell administration further enhanced such axonal plasticity. The structural plasticity was highly correlated with functional recovery. Although other studies have shown axonal sprouting from the contralesional cortex to the ipsilesional striatum and ischemic penumbra (Carmichael and Chesselet, 2002; Napieralski et al, 1996) , to our knowledge, this is the first demonstration of axonal connection originating from the lesioned motor cortex to the distant cerebral motor areas that appear to contribute to functional recovery. These data also provide an anatomical mechanism underlying the BMSC-induced functional improvement in ischemic stroke. We have shown that BMSC therapy significantly improves functional outcome after stroke in female young adult (Li et al, 2006) and aged rodents (Shen et al, 2007a, b) . Although stroke is primarily a disease of the aged population, as a proof-ofprinciple study, our finding of axonal plasticity in young adult ischemic rats suggests that neuronal rewiring is a potential treatment target to improve neurologic outcome after ischemic stroke and other central nervous system diseases. Compared with low-molecular-weight BDA (3 kDa), the high-molecular-weight BDA (10 kDa) used in this study is taken up mostly by the somata of the neurons and transported anterogradely to the axon terminals, to yield sensitive and exquisitely detailed labeling of axons and terminals (Reiner et al, 2000) . Indeed, only few neurons in the contralateral cortex or ipsilateral RFA were retrogradely labeled to the cell bodies (data not shown). Therefore, the BDApositive axons in the contralesional cortex or ipsilateral RFA originate from the labeled neurons at the injection site in the ischemic CFA. Thus, our observation of increased axonal density after stroke indicates that neurons residing in the peri-lesion area increase their ability for axonal outgrowth in response to the ischemic lesion and BMSC treatment. However, the central nervous system in adult mammals is a highly inhibitory environment for axonal regeneration. From measurement of axonal density in the corpus callosum, our data showed that neither the ischemic lesion nor BMSC treatment altered the density of BDA-labeled transcallosal axons originating from the peri-infarct cortical area. This suggests that there were no additional axons in the corpus callosum generated through axonal regeneration from the ipsilesional motor cortex. Therefore, the increased axons after stroke likely derived from local axonal sprouting or branching within the contralesional cortex.
Normally, the motor cortices maintain balance through transcallosal inhibition through the interhemispheric projections (Ferbert et al, 1992; Perez and Cohen, 2008) . In the early stage after stroke, interhemispheric inhibition is decreased (Shimizu et al, 2002) , which leads to increased cortical excitability in the intact hemisphere (Grefkes et al, 2008; Marshall et al, 2000) . In addition, an abnormally high interhemispheric inhibition deriving from the contralesional M1 may occur due to the Figure 1A. (B) There are no significant differences in axonal quantification among normal animals and ischemic rats with or without BMSC treatment. Scale bar = 150 mm. contralesional cortical overactivity, which in turn further inhibits the ipsilesional motor cortex in stroke patients (Duque et al, 2005; Takeuchi et al, 2005) , thereby leading to poor motor recovery (Murase et al, 2004) . In contrast, decreasing excitability in the contralesional motor cortex by repetitive transcranial magnetic stimulation caused an improved motor performance of the affected hand by releasing the transcallosal inhibition (Takeuchi et al, 2005) . Moreover, a progressive rebalancing from early contralesional activity to late ipsilesional activity occurs in the stroke patients with good functional recovery (Marshall et al, 2000) . Our finding of increased axonal density in the contralesional cortex in animals suggests an anatomical neuronal substrate of change in transcallosal inhibition in stroke patients. Although the corpus callosum has been thought to be a major pathway for cell migration, this tissue was apparently not amenable to BMSC-enhanced axonal plasticity. Our data show that there are no additional regenerating axons crossing the corpus callosum from the ipsilesional cortex. This is consistent with the hypothesis that the BMSCs acting directly on the cell body of neurons surviving in the peri-infarct cortical area promote neurite outgrowth in the contralesional cortex to extend their innervating arbors, possibly to restore the interhemispheric connections lost after stroke. This may facilitate recovery of the interhemispheric disinhibition derived from the lesioned hemisphere and the overinhibition derived from the contralesional hemisphere, which subsequently enhance the ipsilesional neuronal activity. Our demonstration that axonal plasticity was highly correlated with behavioral outcome in rats after MCAo with BMSC treatment suggests that the increase of the interhemispheric and intracortical connections may, at least in part, contribute to neurologic recovery. Nonprimary motor areas in the human frontal lobe are connected directly to hand muscles (Teitti et al, 2008) . Intracortical excitability has an important function in regulating motor output to facilitate functional recovery during the late stage after stroke (Newton et al, 2006; Swayne et al, 2008) . In rat, a focal cortical lesion in the CFA causes a significant expansion in the ipsilateral RFA (Conner et al, 2005) . A secondary lesion targeting the RFA completely disrupts functional recovery (Conner et al, 2005) . This study provided the first anatomical evidence showing increased axonal connections originating from the lesioned CFA to the distant ipsilateral RFA in response to ischemic stroke and BMSC treatment. This intracortical axonal plasticity may be attributed to localized axonal sprouting from the surviving neurons in the peri-infarct areas extending their innervating arbors, to take over the lost innervation from neurons damaged in the ischemia, perhaps similar to our observations of interhemispheric connections. However, due to the technical limitations we are unable to individually identify the physiologic function of these axons in vivo.
There is increasing evidence of axonal plasticity in the adult central nervous system to rewire the denervated tissue that leads to spontaneous, however, limited functional recovery after stroke (Nudo, 2007) . In the initial week after stroke, functional recovery may be attributable to the resolution of brain edema, absorption of damaged tissue, or reperfusion of the ischemic penumbra. Our previous study suggests that in rodents, functional recovery is highly correlated with corticospinal tract axonal plasticity at 4 weeks, but not 1 week after MCAo (Liu et al, 2009 ). Ischemic lesion induces axonal sprouting and promotes waves of specific cellular and molecular events (Carmichael, 2006) that could lead to partial functional recovery. Bone marrow stromal cells transplanted into ischemic brain secrete an array of neurotrophins and growth factors, including brain-derived neurotrophic factor (Dormady et al, 2001; Li et al, 2002) and vascular endothelial growth factor Hamano et al, 2000) . Most importantly, BMSCs can activate brain parenchymal cells, especially glial cells, which further produce neurotrophins, growth factors, and other restorative agents to amplify brain plasticity and subsequently to improve in neurologic function after stroke (see a review by Chopp et al (2009) ). We have shown that after a vascular administration in a rodent model of stroke, most BMSCs localize to the ischemic boundary zone (Shen et al, 2007b) . Therefore, the axonal sprouting ability of neurons surviving in the peri-infarct cortical area may be effectively enhanced by such neurotrophic factors. Our data also suggest that BMSCs reduce neurocan, an axonal extension inhibitory molecule, in the glial scar, a primarily astrocytic structure bordering the infarct tissue that inhibits axonal regeneration after stroke (Shen et al, 2008) . Thus, BMSC-mediated reduction of this and possibly other inhibitory molecules may contribute to observed axonal sprouting. This study provides a direct morphologic evidence of axonal plasticity to reveal potential mechanisms of underlying spontaneous recovery in rodent experimental stroke and BMSC treatment. However, the detailed molecular mechanisms on the spatiotemporal interaction between the BMSCs and the neurons and/or glial cells warrant further investigation.
Summary
This study shows reactive inter-and intracortical axonal plasticity originating from the ipsilesional motor cortex in adult rats after stroke and treatment with BMSCs, which may underlie both spontaneous and BMSC-amplified functional recovery from stroke.
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